We describe the patterning of silicon by exposing a hydrogen-passivated Si(100) surface to Ar( 3 P 0,2 ) metastable atoms through a fine Ni grid in the presence of a small background pressure of oxygen is described. Metastable atom impact leads to the formation of a uniform oxide layer that is sufficiently resistant to chemical etching to allow feature depths > 20 nm to be realized.
Much recent effort has centered on developing nanolithography techniques for patterning silicon surfaces. The goal of this work is to modify localized surface regions so they become resistant or susceptible to subsequent etching. A variety of approaches have been examined ranging from those that rely on optical exposure through a mask [1] [2] [3] to those that make use of high energy electron beams 4 , scanning tunneling microscopy [5] [6] [7] or atomic force microscopy [8] [9] [10] to directly write patterns on a surface. Neutral metastable atoms can also be used to modify surfaces and are particularly attractive for use in patterning because the resolution that they provide is not limited by diffraction effects, by secondary electron scattering or by electrostatic interactions. 11 Also, such atoms can be manipulated in optical fields to restrict metastable atom impact on the surface to a series of well defined lines or points obviating the need for a mask and offering the potential for massively parallel fabrication. [12] [13] [14] [15] [16] [17] [18] [19] To make use of these advantages, however, requires a reliable and reproducible procedure by which pattern transfer can be achieved. Two approaches that have been demonstrated involve using a self-assembled monolayer (SAM) as a resist 11, 20, 21 , or allowing the metastable atoms to strike the surface in the presence of a hydrocarbon vapor. 19, 22 In these processes, the energy release that accompanies metastable atom deexcitation leads to damage of the SAM or formation of a durable carbonaceous deposit on the surface that has excellent resistance to a subsequent chemical etch.
Here we describe an alternate approach in which a hydrogen-passivated Si(100) surface is exposed behind a fine Ni grid to Ar( 3 P 0,2 ) metastable atoms in the presence of a small background pressure of oxygen. Ar( 3 P 0,2 ) deexcitation at the surface leads to formation of an oxide layer which is resistant to KOH etching to such an extent that feature depths > 20 nm can be routinely realized. This technique has the advantage that it can be carried out in a clean, hydrocarbon-free vacuum environment, which results in good process control and excellent reproducibility. Furthermore, it is a process with inherent atomic-scale granularity, opening the possibility of atomic-scale lithography.
The present apparatus is shown schematically in Fig. 1 . Argon atoms contained in a supersonic expansion are excited to the 3 P 0,2 metastable levels by electron impact excitation in a 3 dc discharge. 23 The supersonic nozzle is an aperture 150 µm in diameter laser-drilled in the end of a closed alumina tube. The aluminum skimmer, which has a 650 µm-diameter opening, is located ~6 mm downstream. To maximize metastable atom production, the discharge passes markedly on their preparation and history. Nonetheless, previous work 24 suggests that it is reasonable to expect that the value of γ will lie in the range 0.05-0.20. Assuming a γ of 0.1, the measured secondary electron current would correspond to the production of 1 × 10 15 Ar( 3 P 0,2 ) s -1 sr -1 by the source, yielding a dose rate of 2 × 10 11 Ar( 3 P 0,2 ) s -1 cm -2 at the sample. This is sufficient to provide a "monolayer" surface exposure of 6.8 × 10 14 atoms cm -2 in ~1 hr. Tests using the gas cell showed that only ~10% of the current leaving the surface was associated with photon impact.
The hydrogen passivated surfaces used here were prepared by initial cleaning in spectroscopic grade acetone and methanol with a deionized (DI) water rinse followed by 60 s immersion in 10% aqueous HF, a 30 s rinse in DI water and blow drying with N 2 . The samples were then placed in the target chamber which was immediately evacuated. Auger analysis of the passivated surfaces revealed strong Si features. A small C signal was also evident, but only trace amounts of O were detected. These findings are in agreement with earlier infrared studies 25, 26 which showed that the primary species present on a HF treated surface are (in order of decreasing 4 abundance) silicon di-, mono-and tri-hydride. X-ray photoelectron spectroscopy (XPS) 26, 27 and high resolution electron-energy-loss spectroscopy (HREELS) 27 investigations, however, revealed that small quantities of hydrocarbons can remain on a Si(100) surface following passivation in HF that can not be easily removed by baking 28 . Indeed, neither the target nor the vacuum system was baked prior to metastable atom exposure because this led to an increase in C coverage on the surface, which was found to be detrimental to good oxide growth.
Patterning was studied by mounting the hydrogen passivated Si(100) target surfaces behind a Ni mesh that served as a mask (see Fig. 1 ). Target surfaces were exposed to the metastable atom Although only a limited range of bath concentrations, bath temperatures and etching times was investigated, the best and most reproducible results were obtained by immersing the target in a room-temperature, stirred, 1M KOH solution for 90 s, followed by a 60 s rinse in DI water. The etched surfaces were examined using tapping mode atomic force microscopy (AFM).
A typical AFM image obtained after etching a hydrogen-passivated Si(100) surface exposed to ~1 × 10 16 Ar( 3 P 0,2 ) atoms cm -2 is shown in Fig. 2(a) . A well defined grid pattern is evident with the unexposed areas etched to a depth of ~20 nm, as demonstrated by the averaged section in Fig. 2(b) . This sizable feature depth indicates that the oxide layer formed by metastable atom impact in the presence of O 2 is robust and etch resistant. Its uniformity is demonstrated by the fact that the exposed areas remain relatively flat with no evidence of deep pitting. Tests showed that exposures as low as ~2 × 10 15 Ar( 3 P 0,2 ) atoms cm -2 were sufficient to allow good pattern transfer. For smaller exposures, however, pitting and increased roughness were noted in the exposed areas indicating that the oxide layer either had gaps in it where etching could begin or that it was too thin to adequately resist etching. Consequently only small feature depths could be achieved. Even after large Ar( 3 P 0,2 ) exposures, the oxide layer could be breached by extended or 5 more aggressive etching. Grid-like patterns were still discernible, but surface roughness was greatly increased. To check that oxide formation was associated with metastable atom rather than photon impact on the surface, tests were undertaken in which the metastable atoms in the beam were quenched using the gas cell, thereby allowing only the photons produced in the source to strike the surface. No pattern formation was observed after the same exposure time as used to obtain the image in Fig. 2 . Furthermore, Auger analysis showed that metastable atom impact did not lead to a significant increase in the C coverage on the surface, demonstrating that build up of carbonaceous material is not occurring during metastable atom exposure.
The present work demonstrates that Ar( 3 P 0,2 ) impact on a hydrogen-passivated Si (100) surface can be used in the selective formation of a local oxide resist, although the exact mechanism by which this occurs remains unclear. One possibility is that the energy liberated by metastable atom deexcitation (~12 eV) leads directly to the breaking of Si-H bonds (which requires ~3.8 eV 29 ), leaving the exposed site vulnerable to subsequent attack by O 2 .
Interestingly, the build up of a robust oxide layer might be enhanced through dissociation of 
